T he estimated incidence of nontraumatic subarachnoid hemorrhage (SAH) is 9 per 100,000 personyears, 5 and an underlying cause, such as a ruptured aneurysm, is identified in the majority of the cases. 2 In approximately 15%-20% of nontraumatic SAH, angiographic evaluation fails to identify a source. 1, 10 The diagnostic algorithm for patients with nontraumatic angiographically negative SAH (AN-SAH) varies between institutions, and the optimal algorithm remains subject to debate. 10, 19 Patients with a perimesencephalic pattern of SAH on noncontrast head CT at presentation usually have a more benign clinical course, and some studies suggest that a combination of negative CT angiography (CTA) of the head and neck and negative digital subtraction angiography (DSA) is sufficient to exclude vascular etiologies in this population. 25 However, in patients with nonperimesencephalic, nonaneurysmal patterns of SAH, the optimal diagnostic algorithm remains inconclusive. Anecdotal evi-ABBREVIATIONS AN = angiographically negative; c-MRI = cervical MRI; CI = confidence interval; CTA = CT angiography; DSA = digital subtraction angiography; EMR = electronic medical record; FA = flip angle; IQR = interquartile range; QUADAS = Quality Assessment of Diagnostic Accuracy Studies; SAH = subarachnoid hemorrhage. OBJECTIVE Diagnostic algorithms for nontraumatic angiographically negative subarachnoid hemorrhage (AN-SAH) vary, and the optimal method remains subject to debate. This study assessed the added value of cervical spine MRI in identifying a cause for nontraumatic AN-SAH. METHODS Consecutive patients 18 years of age or older who presented with nontraumatic SAH between February 1, 2009, and October 31, 2014, with negative cerebrovascular catheter angiography and subsequent cervical MRI were studied. Patients with intraparenchymal, subdural, or epidural hemorrhage; recent trauma; or known vascular malformations were excluded. All cervical MR images were reviewed by two blinded neuroradiologists. The diagnostic yield of cervical MRI was calculated. A literature review was conducted to identify studies reporting the diagnostic yield of cervical MRI in patients with AN-SAH. The weighted pooled estimate of diagnostic yield of cervical MRI was calculated. RESULTS For all 240 patients (mean age 53 years, 48% male), catheter angiography was performed within 4 days after admission (median 12 hours, interquartile range [IQR] 10 hours). Cervical MRI was performed within 19 days of admission (median 24 hours, IQR 10 hours). In a single patient, cervical MRI identified a source for SAH (cervical vascular malformation). Meta-analysis of 7 studies comprising 538 patients with AN-SAH produced a pooled estimate of 1.3% (95% confidence interval 0.5%-2.5%) for diagnostic yield of cervical MRI. No statistically significant between-study heterogeneity or publication bias was identified. CONCLUSIONS Cervical MRI following AN-SAH, in the absence of findings to suggest spinal etiology, has a very low diagnostic yield and is not routinely necessary.
dence of underlying vascular etiologies in patients with a perimesencephalic pattern of SAH is present in the literature, 24, 26 and this remains a diagnosis of exclusion.
In many centers, including our institution, patients with nontraumatic AN-SAH (negative DSA and head and neck CTA) also undergo evaluation with concurrent MRI of the brain and MRI of the cervical spine, regardless of whether they have a specific clinical or neurological finding suggestive of a spinal etiology. 16 Limited previous studies have reported a diagnostic yield of 0%-4% for cervical MRI (c-MRI) in this patient population, although methodologies between studies have differed and individual studies have only included a limited number of patients. 10, 15, 16, 19, 22, 25 Based on our experience, we hypothesize that c-MRI has little to no diagnostic yield in the evaluation of this patient population.
The purpose of the current study was to assess the added value of c-MRI in identifying a cause for AN-SAH in patients without clinical or neurological findings suggestive of a spinal origin using a retrospective study design. This was supplemented by a meta-analysis of the literature to assess the aggregate diagnostic yield of c-MRI in the diagnostic algorithm of patients with AN-SAH.
Methods
Emory University institutional review board approval and a waiver of informed consent were obtained for this retrospective review. The study was compliant with the Health Insurance Portability and Accountability Act.
Retrospective Study

Study Population
The Radiology Information System database was searched for consecutive patients 18 years of age or older, with acute nontraumatic intracranial SAH, who were diagnosed based on noncontrast head CT or xanthochromia on lumbar puncture and evaluated between February 1, 2009 , and October 31, 2014, at Emory University Hospital and Emory University Hospital Midtown. Inclusion criteria included patients with c-MRI whose initial cerebrovascular catheter angiography failed to reveal a cause for the SAH (identified as AN-SAH patients). Patients with acute intraparenchymal, subdural, or epidural hemorrhage; cerebral contusion; recent history of trauma or spine surgery; and with an already known origin for SAH diagnosed on CTA or DSA from prior admissions were excluded.
Cervical Spine MRI Technique
All but 4 patients (2%) included in this study underwent c-MRI with and without intravenous contrast administration. Of the 4 patients who underwent c-MRI without intravenous contrast, 1 underwent MR angiography of the neck with intravenous contrast, which allowed postcontrast assessment of the cervical spine.
MRI was performed on either a 3.0-T (TIM Trio, Siemens Healthcare) or 1.5-T (Avanto, Siemens Healthcare; or Intera, Phillips) using a head-neck array coil for cervical spine imaging. A standard dose (0.1 mmol/kg) of gadobenate dimeglumine (MultiHance, Bracco Diagnostics) was injected at 2-3 ml/sec. The standardized T1-weighted (TE 10 msec, TR 400 msec, flip angle (FA)  90°, slice thickness 3 mm), sagittal T2-weighted (TE 90  msec, TR 2500 msec, FA 90°, slice thickness 3 mm), axial  T2-weighted (TE 90 msec, TR 5300 msec, FA 90°, slice  thickness 3 mm) , and/or postcontrast sagittal T1-weighted (TE 10 msec, TR 400 msec, FA 90°, slice thickness 3 mm) and axial T1-weighted (TE 10 msec, TR 1600 msec, FA 90°, slice thickness 3 mm) images of the cervical spine.
MRI protocol obtained included a precontrast sagittal
Medical Record Review
Data including demographics (age, sex, and race), method of diagnosis of SAH (lumbar puncture vs noncontrast head CT), time interval between onset of symptoms (documented in history of present illness in the electronic medical record [EMR]) and diagnosis of SAH, time interval between admission and catheter angiography, time interval between admission and c-MRI, and the Hunt and Hess classification grade 14 at presentation were obtained from the EMR.
Imaging Review
The first noncontrast head CT scan that was obtained within 24 hours of admission (and prior to a brain MR image in our study population) was reviewed, and the pattern of SAH was assessed. A Fisher grade 8 was also calculated for each patient on this initial head CT scan. If a head CT scan was not obtained until after the brain MR image was obtained, or if no head CT image was available, neither the pattern of hemorrhage nor the Fisher grade was determined. It was decided to exclude those head CT images obtained later in the admission because these would no longer adequately represent the pattern of SAH at onset due to redistribution.
Cervical spine MR images were reviewed by two neuroradiologists with certificates of additional qualification and 5-7 years postsubspecialty training experience (J.W.A. and C.A.H.), who were blinded to the c-MRI result as well as prior imaging, but were aware that the patient had SAH. For each patient, the cervical spine MR image was evaluated for potential pathology that might explain the patient's SAH, including vascular malformations and intradural masses. Significant incidental findings on these studies were also recorded at the discretion of the reviewers.
Meta-Analysis
A systematic review was conducted using meta-analytical approaches outlined in the Cochrane Handbook for Systematic Reviewers 12 Studies reporting the diagnostic yield of c-MRI in adult patients with nontraumatic AN-SAH were included. Surveys, review articles, case reports, studies not published in the English language, not in full text in peer-reviewed journals, or not assessing diagnostic yield of c-MRI (e.g., only assessing diagnostic yield of brain MRI or craniocervical junction) were excluded.
Data Extraction and Quality Assessment
The quality of eligible studies was evaluated using the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool, 23 assessing quality in 4 main categories, including patient selection, index test, reference standard, and flow and timing. Each category had several subcategory quality items that were judged to be fulfilled, not fulfilled, or not clear from the paper whether the item was fulfilled. Furthermore, the full text of each article was abstracted according to a standardized form for studies meeting the criteria. The primary outcome was recorded as the diagnostic yield of c-MRI in patients with nontraumatic AN-SAH.
Statistical Analysis
For the retrospective portion of our study, categorical variables were reported as frequency and percentage. Numerical variables were presented as mean and standard deviation (SD) or median and interquartile range (IQR) if they did not follow a normal variation. Diagnostic yield for c-MRI was calculated as a proportion of patients with an identifiable origin for SAH determined on the imaging review. The diagnostic yield of c-MRI has been reported between 0% and 4% in the current literature. 10, 15, 16, 19, 22, 25 Assuming the diagnostic yield of c-MRI would be 2% in patients with AN-SAH and a diagnostic yield of 5% is considered clinically significant, with a Type I error rate of 0.05, and power of 80%, the estimated sample size was 233 patients.
For the meta-analysis portion of our study, the proportion of patients with AN-SAH who had a positive cervical spine MR image was reported for each study, along with 95% exact confidence intervals (CIs). To estimate the overall proportion, a Freeman-Tukey double arcsine transformation was applied and a weighted summary proportion was calculated using both fixed-and random-effects models, 6, 18 and demonstrated using a forest plot. For fixed-effects and random-effects model calculations, studies were weighted based on their inverse variance. In a fixed-effects model, total variance was measured only on the basis of within-study variance. In a random-effects model, total variance was measured on the basis of both within-study and between-study variance. As between-study variance becomes larger, studies become more equally weighted.
Between-study heterogeneity was assessed using the Q chi-square statistic, where a statistically significant test statistic would indicate evidence of variability across effect sizes exceeding what would be expected based on sampling error. 13 The percentage of variation due to heterogeneity, I 2 , was estimated. Publication bias was assessed using a funnel plot of the study standard errors versus the estimated study proportions. 20 The analyses were performed using STATA (version 10, Stata Corp.) for the retrospective portion, and R statistical package "meta" for the meta-analysis; p values < 0.05 were considered statistically significant.
Results
Retrospective Study
Study Population
Electronic medical records for 262 patients with nontraumatic SAH who underwent c-MRI during the same admission were reviewed ( Fig. 1 ). After excluding 22 patients with aneurysms (n = 13), intraparenchymal or subdural hemorrhage (n = 8), or recent thoracic spine surgery (n = 1), 240 patients with AN-SAH (116 men and 124 women, mean age 53 years, range 18-86 years) were included in the analyses, with baseline characteristics as shown in Table 1 . Hunt and Hess grades ranged from I to IV, with Grade I being the most common grade in our study population (42%, 100/240). However, the Hunt and Hess grade was not recorded in the EMR in a similar number of our patients (41%, 98/239).
Intracranial SAH was diagnosed with noncontrast head CT in 97% (233/240) of patients (either obtained at our institution [n = 209] or recorded in our EMR based on a study obtained at an outside hospital [n = 24]). In 2.9% (7/240) of the patients, the head CT scan (either obtained at our institution [n = 5] or an outside hospital [n = 2]) was negative for hemorrhage and the diagnosis was made by lumbar puncture. DSA was performed within 4 days of admission in all cases (median 12 hours, IQR 10 hours), and c-MRI was performed within 19 days of admission in all cases (median 24 hours, IQR 10 hours). Table 2 demonstrates the hemorrhage pattern and Fisher grades for included patients. The most common Fisher grade was 4, noted in 47% (112/240) of cases. Review of c-MRI showed a cause for the SAH in only 0.4% of patients (1/240), which was a spinal vascular malformation initially diagnosed on CTA of the neck. In the 4 patients who underwent c-MRI without intravenous contrast, follow-up diagnostic imaging (DSA in 2 patients, and CTA head/ neck in 2 patients) did not reveal any spinal pathology, and the patients were discharged. In 3% (7/240) of patients, an incidental finding was identified on cervical spine MR images, including a thyroid mass (n = 2), large perineural mass (n = 2; both at the C7-T1 level), cervical syrinx (n = 1), Chiari malformation Type I (n = 1), and nonspecific abnormal spinal cord signal (n = 1), none of them explaining the cause of SAH.
Imaging Review
Meta-Analysis
Study Identification
The initial search of the literature yielded 285 references. After exclusion of duplicate studies and studies that did not meet the inclusion criteria, 15 articles were reviewed in full text. Among these, 6 were eligible for inclusion. 10, 15, 16, 19, 22, 25 We added the results from our retrospective study to the meta-analysis data ( Supplementary Fig. 1 ).
Characteristics of Included Studies and Quality Assessment
The characteristics of included studies are in Table 3 . The number of patients with AN-SAH included in each study ranged from 68 to 240; and 470 of 897 patients (52%) were male. Among studies that reported Hunt and Hess grades upon presentation, 97% (852/876) were classified as a grade less than IV. Of the 897 patients with AN-SAH, 538 patients (60%) underwent c-MRI and were included in this meta-analysis (Table 3) .
Supplementary Table 1 summarizes the judgments of the methodological quality items for each included study according to the QUADAS-2 tool. 23 The majority (86% [6/7]) of studies had low risk of bias in patient selection, and all studies had low risk of bias in patient flow.
However, given that the result of the c-MRI (in addition to cerebrovascular angiography, and CTA head and neck if available) was part of the reference standard to decide whether a patient had spinal pathology, the index test being evaluated (c-MRI) and the reference standard were not independent of each other, introducing risk of bias.
Study Outcomes
Data from c-MRI on 538 patients from 7 studies (including our current population) were pooled. Only 6 patients had positive c-MRI results, including 2 cervical ependymomas and 4 cervical vascular malformations. Figure 2 shows the forest plot of proportions and 95% CIs for the individual studies. The pooled estimate for a positive c-MRI in a patient with AN-SAH was 1.3% (95% CI 0.5%-2.5%) with the fixed-and random-effects models. The between-study heterogeneity was not statistically significant (Q index 5.7, p = 0.45). Because the studies were not found to be heterogeneous, the fixed-effects pooled estimate was used. There was no evidence of publication bias on the funnel plot ( Supplementary Fig. 2 ). 
Discussion
This retrospective study further supports the extremely low diagnostic yield of c-MRI in the evaluation of AN-SAH. There was a diagnostic yield of 0.4% for c-MRI when evaluating patients who underwent our standardized institutional treatment protocol of DSA and head CTA followed by brain and cervical spine MRI. Furthermore, our meta-analysis of 538 patients with AN-SAH produced a weighted pooled estimate of 1.3% (95% CI 0.5%-2.5%) for the diagnostic yield of c-MRI.
The use of c-MRI in the AN-SAH population was initially recommended in a few case reports of patients with AN-SAH in whom a spinal pathology was found on cervical spine MR images. 3, 4 This recommendation was fur-ther emphasized by a study published in 1999, reporting 1 case of a spinal vascular malformation in 41 patients with AN-SAH who underwent c-MRI. 19 However, more recent studies have demonstrated that the likelihood of finding a spinal source for AN-SAH in this patient population is extremely low (between 0% and 4%) and have questioned the use of c-MRI; 10, 22 specifically, in patients with a perimesencephalic pattern of hemorrhage, all of the reported anecdotal cases of vascular etiologies were intracranial. 24, 26 Studies focusing on MRI of the craniocervical junction 17 yielded similar results but were not included in our metaanalysis, as a dedicated cervical spine MR image was not obtained. Other studies have recommended the use of c-MRI only in selected cases in which there are signs and 
Study Characteristic
Rogg et al. 19 Topcuoglu et al. 22 Little et al. 16 Lin et al. 15 Woodfield et al. 25 Germans et al. 10 symptoms raising the suspicion for spinal pathology, 16, 25 or for patients with a second clinical episode. 27 However, all of these studies have been limited by small sample sizes.
It is important to identify spinal etiologies for intracranial SAH, such as intradural vascular lesions and neoplasms, to prevent recurrent hemorrhage that may result in a catastrophic outcome. 25 However, given the low diagnostic yield of c-MRI, its cost-effectiveness is questionable and beyond the scope of the current study. Using simplified methodology, our meta-analysis of the literature demonstrated that the weighted pooled estimate diagnostic yield was 1.3%. Based on a prior cost-effectiveness analysis, 21 untreated SAH is estimated to cost $42,000-$82,000 per patient, with an average of $59,000 (calibrated to 2003 US dollars), regardless of the payer, with the final cost dependent upon the patient's characteristics and origin of SAH. The Medicare global allowable fee for c-MRI in 2003 was approximately $1000 (https://www.cms.gov/apps/ physician-fee-schedule/). Restricting the payer to Medicare (which likely underestimates the total cost), if 1000 patients undergo a c-MRI for evaluation of AN-SAH, the estimated cost is $1,000,000. Based upon our metaanalysis diagnostic yield of c-MRI of 1.3%, if 13 patients with a potentially treatable cause of SAH go untreated (with an average cost of $59,000), there is an estimated cost of $767,000, which is less than performing a screening c-MRI for all patients. We therefore propose that the addition of c-MRI in the routine evaluation of AN-SAH to be highly unlikely to contribute diagnostic benefit in such patients and is not cost-effective. We understand that final reimbursement of c-MRI will vary by insurance type, as will the cost of not treating SAH (which may also require factoring for life-years lost due to morbidity and mortality), and, therefore, the cost estimates presented here are grossly simplified. Our findings suggest that forgoing unnecessary c-MRI in the diagnostic workup of AN-SAH may mitigate a portion of health care cost and overutilization, although rigorous cost-benefit analysis is lacking at this time and the focus of future research.
Medicolegal aspects are often a common reason for referring physicians to order c-MRI for patients with AN-SAH. A prior study of neurosurgical negligence claims in the US has shown that failed diagnosis of vascular etiology has been common after spinal surgery, intracranial surgery, and trauma. 7 However, it is not clear how many of these cases resulted from a cervical spine etiology in the setting of AN-SAH. A similar study in the United Kingdom from 2002 to 2012, limited to spinal vascular etiologies, reported only 3 cases (1.2% of total cases), and only 2 of them were successfully closed; again, it is not clear whether they were in an AN-SAH setting. 11 Regardless, we believe this should not be a barrier for appropriate utilization of health resources. If there are no clinical/neurological findings to suggest spinal origin and the patient has a negative head and neck CTA and DSA, we argue that ordering c-MRI solely on a medicolegal basis is not the best practice, as the likelihood of identifying a cause is less than 1%.
The present study contributes to the previously relatively sparse volume of data examining the use of c-MRI in intracranial SAH, where a limited number of relatively small studies (including 35-75 patients), each with disparate methodologies, may leave definitive conclusions unresolved. 10, 15, 16, 19, 22, 25 One of the advantages of the current retrospective study over currently available studies is the larger sample size, which provides sufficient power (80%) to statistically assess diagnostic yield of c-MRI. With 240 patients in this study, the 95% estimated CI around a point estimate proportion of 0.015 (the weighted average of proportions from the existing 6 studies) is 0.004 to 0.040, which equals a CI width of 0.036. The estimated CI width for a study with 50 patients is 0.098, nearly 3 times larger.
Limitations of the Study
We acknowledge several study limitations, including those inherent to our retrospective study design. These results were drawn almost entirely from a large, singleinstitution registry of patients, with established practice patterns, which may serve to mitigate some heterogeneity or nonuniformity across the data. For example, the majority of patients in our study presented with a Fisher Grade 3 or 4 SAH, which might be related to our institution being a tertiary academic referral center. Furthermore, due to the same reason, several patients were transferred from outside facilities, and, therefore, their preceding workup prior to transfer may have varied by institution. To the extent possible, we attempted to obtain all relevant information for those patients from the EMR, and to exclude any patients for whom a portion of their workup would lead to their exclusion. In 2% of included patients in the current retrospective study, the c-MRI was performed without intravenous contrast administration, which may slightly limit the evaluation of spinal etiologies. However, one of these patients underwent a contrast-enhanced neck MR angiogram, allowing limited evaluation of the spine, and follow-up imaging in all these patients did not reveal any spinal pathology. The presence of only 1 positive case on cervical spine MR images for the etiology of SAH prohibited a subgroup analysis based on pattern or severity of hemorrhage, age, sex, or other risk factors. Additionally, the meta-analysis was limited in performing a subgroup analysis based on pattern of hemorrhage, due to the small number of positive cervical spine MR images and because the pattern of hemorrhage for individual patients was not reported in the prior studies. Finally, our study is limited in determining whether c-MRI might have a higher diagnostic yield in patients with a second episode of SAH, as it was not clear what percentage of patients included in the current meta-analysis had a second episode of SAH.
Conclusions
Cervical spine MRI following AN-SAH, in the absence of clinical/neurological findings to suggest a spinal etiology, has a very low diagnostic yield. As such, routine MRI for possible cervical sources of intracranial AN-SAH is not evidence based.
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